Alginate hydrogels are widely used for cell encapsulation and transplantation, and they are frequently surface reinforced with secondary polymers to enhance their mechanical rigidity and stability. We hypothesized that the molecular weight (MW) of the polymer utilized to reinforce alginate would be an important factor in their stability, particularly when the gel network was homogeneously reinforced with the polymer. This hypothesis was investigated with alginate hydrogels cross-linked with Ca 2+ , and reinforced throughout the bulk of the gel with poly(ethyleneimine) (PEI) having different MWs. Interactions between the two polymers became significant following gelation, leading to higher elastic moduli (E) than gels with no PEI. The decrease in E of gels incubated in isotonic salt solutions over time, utilized as an indication of gel break down, was ameliorated with an increase in the MW of the PEI. In addition, the dependencies of the moduli and viscoelasticity on the temperature also became smaller with the use of high MW PEI. This is likely due to the limited mobility of high MW PEI, leading to a higher energy for dissociation. The stable interactions between the alginate and PEI prevented alterations of the pore structure in the gels, and slowed the deterioration of gel properties even under continuous agitation in a bioreactor. The results of this study will likely be useful in designing alginate encapsulation strategies for various applications.
INTRODUCTION
bonds to the gel-forming polymer via secondary interactions (i.e., via electrostatic attractions, hydrogen bonding, or hydrophobic interactions). Examples of this apHydrogel-based materials have found broad application as cell encapsulation matrices, drug delivery devices, proach are alginate hydrogels stabilized with chitosan (14) , polylysine (8) , gelatin (9) , or poly(ethyleneimine) (PEI) (7) . and three-dimensional cell transplantation vehicles, due to their many advantageous features (i.e., good biocomIn these examples, a polyelectrolyte complex is formed between the two oppositely charged polymers. Gel cappatibity, low surface tension) (13, 16) . One of the critical properties for successful utilization of hydrogels in many sules formed with this approach have been reported to be more rigid, and less permeable, depending on the pH applications is the ability to maintain their initial physical properties for an extended time period, so the gels can (4) , concentration, (18), and molecular weight of the reinforcing polymers (3) . However, most approaches to protect encapsulated cells or bioactive molecules from the exterior environment (12) . However, gels specifireinforce hydrogels have been limited to the formation of a polyelectrolyte complex on the gel surface, potencally formed by ionic or physical cross-linking may experience deterioration of physical properties in biologitially allowing catastrophic disruption of the gel structure upon destabilization of the outer layer (e.g., during cal environments. The destabilization of the hydrogels may be further accelerated under fatigue loading conditions dynamic loading). We propose that hydrogels may be reinforced in a (e.g., continuous agitation in a bioreactor, or dynamic loading at the implant site), because gel matrices are homogeneous manner by introducing the reinforcing polymer throughout the gel. To prepare internally reinforced usually brittle (2,19).
To improve the mechanical stability of gels, a variety gel networks, the interactions between the two polymers should be low enough to avoid the formation of polyof methods have been developed. A typical approach includes the incorporation of a second polymer, which electrolyte complex precipitates, but strong enough to 780 KONG AND MOONEY reinforce the gel matrices, and maintain their stability.
For this purpose, we utilized branched PEI to reinforce (2) alginate hydrogels, because the branched PEI structure provides a capacity to interact densely with the counterwhere ρ p is the polymer density (0.8755 g cm
), ρ s is the part alginate even at a low ionization degree. The molecdensity of water, and Q m is the swelling ratio, defined as ular weight (MW) of PEI was hypothesized to be a critithe mass ratio of absorbed water to the dried gel. cal factor in altering the physical properties of the gel The hydrogels were compressed at a constant deformatrices, at a given pH and volume fraction of polymation rate of 1 mm/min with a mechanical tester (MTS mers. This study specifically investigated the interactions Bionix 100, MTS systems) at 25°C, and the resulting between alginate and PEI possessing different MWs, stresses were measured. The compressive elastic moduli and the effects of MW of PEI on the stability of the of the hydrogels were calculated from the stress versus gel pore structure and physical properties under rest and strain curves, limited to the first 10% of strain. The elasfatigue loading conditions. tic moduli were measured on a daily basis. A controlled strain/stress rheometer (C-VOR, Bohlin MATERIALS AND METHODS Instrument) was used to characterize the viscoelastic rePreparation of Hydrogels sponse of the hydrogels to low-amplitude oscillatory Alginate rich in guluronic acid (G) blocks (LF 20/40, shear deformation. For this purpose, gel disks placed be-FMC Technologies) was dissolved in deionized water to tween two parallel plates separated by a distance of 1 prepare 2% (w/w) solutions. The solution was mixed with mm were deformed within a linear viscoelastic region, CaSO 4 slurries (Sigma) at a molar ratio between alginate varying the frequency from 0.01 to 10 Hz. The storage and CaSO 4 at 1.0:0.3. The mixtures were cast between and loss moduli were calculated from the stress and glass plates with a spacer of 1-or 2-mm thickness. After strain curves expressed in a sinusoidal form. The visco-2 h, gels were cut into disks with diameter of 10.0 mm elasticity of the gels was quantified from the dependence and incubated in 0.1 M NaCl aqueous solutions at 25°C of storage modulus (G′) on the frequency (f), fitted to a until mechanical testing.
power law, G′ ϰ f n . The temperatures were varied from To prepare alginate hydrogels reinforced with PEI 25°C to 59°C. To prevent the vaporization of water in (Aldrich Chemicals), PEIs having different molecular the gels, the samples were covered with a solvent trap. weights (MW = 8,000 and 25,000 g/mol) were mixed with alginate solutions. The molar ratio between alginate
Characterization of Pore Structure of Hydrogels and PEI (M PEI /M alginate ) was varied from 0 to 0.8. The
The pore size of the gels was measured following Iza's mixtures were cross-linked with CaSO 4 slurries to form procedure (6) , which utilized ambient differential scanreinforced gels, following the same procedure as used to ning calorimetry (DSC, Perkin Elmmer). Gels loaded in prepare the plain alginate hydrogels.
an aluminum pan were placed in the chamber, and the enthalpic change of the gel was monitored, while deTitration of PEI creasing the temperature from 15°C to −30°C at a rate Ionization degree of PEI (α) varied by pH was moniof 5°C/min, following the heating of the gels from tored with a titration method. For this purpose, 2 M HCl −30°C to 15°C at a rate of 5°C/min, and annealing of was utilized. From the concentration of HCl added to the gels at 15°C for 10 min. Because the behavior of PEI solutions (C HCl ), the ionization degree was calcuwater (i.e., triple point of water molecule) occupying the lated as pores in the gels depends on the pore size, the heat emitted under cooling and at the freezing point of water was
related to the pore structure of the gels (5) . From the heat measured (Q) versus temperature curves, the volume where C H+ and C OH− are the concentration of free H 3 O + distribution of the pores (dV/dR) and pore size (R) were and OH − ions, respectively, and C PEI is the concentration calculated, following these equations (6): of PEI. The C H+ and C OH− were calculated from the measured pH (17) .
Measurements of Gel Properties
The weight of gels incubated in 0.1 M NaCl solutions dV dR
.67W a and dried gels was measured to determine the degree of swelling of gels on a daily basis. The degree of swelling (Q) was defined as the reciprocal of the volume fraction where T tri is the triple point temperature of water, k is the constant, and W a is the energy of solidification of of a polymer in a hydrogel (ν 2 ) Titration of PEI was conducted to optimize the pH at which the interactions between alginate and PEI would be low enough to avoid the formation of precipitates viscosity of the pregelled solution, but this was likely prior to the cross-linking between alginate and calcium.
attributable to enhanced physical contacts between the Decreasing the pH led to increases in the ionization depolymers. This interpretation was supported by the congree, as more amine groups were protonated (Fig. 1) .
stant viscosity of these solutions over a month, with no This result indicated that preparing a solution of alginate formation of a gel or precipitates. and PEI at basic conditions should reduce strong attracIn contrast to the solution results, interactions betions between these molecules. The MW of PEI did not tween alginate and PEI became stronger when the algisignificantly affect the ionization degree.
nate was gelled via cross-linking with calcium. IncreasIn agreement with the ionization measurements, preing the concentration of PEI in the pregel solution led paring a solution of alginate and PEI at pH 4.0 led to to a rise in the initial elastic moduli (E 0 ) of calcium strong attractions between the two polymers, and recross-linked alginate hydrogels (Table 1 ). E 0 of hydrosulted in the abrupt precipitation of polyelectrolyte comgels was almost doubled when the molarity ratio (M PEI / plexes in an uncontrollable manner. In contrast, mild at-M alginate ) was increased to 0.80. Varying the MW of PEI tractions between alginate and PEI in solution at pH 6.5 did not make a significant difference in E 0 of the reinled to the formation of space-filling hydrogels even in forced gels. the absence of divalent cations (not shown here). Mixing Hydrogels formed via this process were stored in 0.1 alginate with PEI at pH 10 did not lead to significant inter-M NaCl solutions, and changes in the swelling ratio and actions between the two polymers, as illustrated with elastic moduli of the gels were regularly monitored to the minimal changes between the viscosities of a plain investigate the effects of PEI on the stability of the gels. alginate solution and those of these mixtures (Table 1) .
In this study, we used only NaCl in the aqueous solution The use of high MW PEI led to a small increase in the as an ion-exchange system that would destabilize the hydrogels, and its concentration in water was adjusted to the concentration of NaCl in body fluids (11) . Plain alginate hydrogels showed a reduction in the swelling ratio (Q) for the first 6 h, followed by a gradual increase of Q, which indicates de-cross-linking between alginate molecules. Reinforcing alginate hydrogels with PEI resulted in gradual hysteresis of gels for the first 24 h, and the degree of hysteresis was dependent on the MW of PEI (Fig. 2) . Together with the increases in Q, plain alginate hydrogels lost 50% of their initial elastic moduli (E 0 ) within 24 h (Fig. 3 ). Hydrogels reinforced with low MW PEI also lost 60% of their stiffness, achieving an elastic moduli similar to E 0 of the plain gels. In contrast, hydrogels reinforced with the high MW PEI experienced much smaller reductions in the elastic moduli (ϳ20%) and maintained a higher elastic moduli. Variations in the MW of PEI also resulted in different tions. Heating the plain alginate gels from 25°C to 59°C decreased the storage moduli by two orders of magnitude (Fig. 4) . The gels became weaker even with the increase of temperature from 25°C to 37°C. In addition, the dependency of the storage moduli on the frequency, represented as n, became much larger with increases of temperature. The gels reinforced with the low MW PEI also showed a reduction in the storage moduli and increase of n upon increasing the temperature. In contrast, the high MW PEI limited the decreases in the storage moduli and increases in n with rising temperature. The changes in the physical properties of hydrogels the gels reinforced with high MW PEI did not exhibit any changes in the pore structure. with PEI reinforcement were subsequently related to alterations in their pore structure. Hydrogels reinforced with
The deterioration in the physical properties of gels was accelerated under fatigue loading, as applied by in-PEI possessed a slightly larger pore size than plain gels when incubated in deionized water (Fig. 5) . The pore cubating them in an agitated bioreactor. Plain alginate gels exposed to continuous stirring showed a significant structure of the gels incubated in deionized (DI) water was regarded to be the same as the fresh gels, because drop in elastic moduli over the first 24 h, followed by the complete breakage of the gels, and their dissolution there was no significant change in the physical properties under this condition. Incubating the plain gels in 0.1 within 48 h (Fig. 6 ). Gels reinforced with low MW PEI also showed a significant reduction in elastic moduli M NaCl solutions for 24 h led to increases in the pore size of the plain gels compared with the reinforced gels, over the first 24 h, and between 24 and 48 h some break down of the gels was observed. The gels that did not likely due to de-cross-linking between alginate molecules. Hydrogels reinforced with low MW PEI showed fragment exhibited no significant reduction in the elastic moduli between 24 and 48 h, although the deviation smaller changes in the pore size than the plain gels, and from the average value was quite large. In contrast, hydrogels reinforced with high MW PEI exhibited no visible damage even after stirring for 48 h. The reduction in the elastic moduli over this time was smaller than that measured for the gels reinforced with low MW PEI.
DISCUSSION
This study demonstrates the importance of the MW of cationic PEI in reinforcing and stabilizing the internal network of alginate hydrogels. The severe deterioration of the physical properties of plain alginate gels in biological conditions could be circumvented by reinforcing gels with PEI having a proper MW. Specifically, reinforcing gels with high MW PEI increased the initial elastic moduli, and demonstrated an improved stability of their pore structure and physical properties even under fatigue loading.
The minor changes in the viscosity of the pregelled solutions with addition of PEI, in contrast to the major Figure 5 . The expansion of pore size in plain alginate hydrogels, following the incubation in a NaCl solution, was prevented by the incorporation of PEI. High MW PEI was more effective in limiting the enlargement of the pore radii than low Figure 6 . Changes in the elastic moduli (E/E 0 ) of plain alginate hydrogels (•) under continuous mechanical stirring at 60 MW PEI. (a) Hydrogels incubated in deionized water, and (b) hydrogels incubated in a NaCl solution. (1) Plain alginate hyrpm and 37°C were retarded by reinforcing the gels with low MW PEI (᭺) or high MW PEI (■). E 0 : elastic moduli of hydrogels, (2) alginate hydrogels reinforced with low MW PEI, and (3) alginate hydrogels reinforced with high MW PEI. drogels prior to agitation.
increases in the initial elastic moduli of the gels, indicate solution of the polymers. Therefore, the gels softened and behaved more like a liquid with an increase of temperathat attractions between these two polymers developed following the formation of a gel network. This increase ture. These reductions in the moduli and elasticity of the gels upon heating was in contrast to plain alginate gels in the interaction can be attributed to a reduction in the entropy of the polymers in the gel network, as the algiincubated in NaCl solution for a short time period, which demonstrated complex changes in the storage modulus nate molecules were cross-linked with calcium and PEI was entrapped in the gel network formed from the cross- (10) . The significant microstructural changes of plain algilinking. The consequent reductions in the solubility of the two polymers amplified their interactions, leading to nate gels were limited with increasing MW of reinforcing PEI. Alginate gels containing low MW PEI were the formation of a pseudo-polyelectrolyte complex even with the low ionization degree of the PEI molecules.
readily dissociated, indicating the cross-linked junctions in the gels were labile to ion-exchange. This was illusThe number of protonated amine groups in PEI interacting with carboxylic groups in alginate molecules was trated with the change in pore size during incubation and decrease of modulus of the gel with rising temperature, regarded equal for both PEI used in this study, irrespective of the differences in MW, because the ionization although the variations were smaller than the plain gels. However, the high MW PEI prevented dissociation bedegree was independent of the MW. As a result, the initial elastic moduli of the reinforced hydrogels were tween the polymer chains, as illustrated with no detectable changes in the gel pore size. The room temperature affected by the concentration of PEI, but not by the MW of PEI. This result is in contrast to the higher efficiency properties of these gels could be maintained at elevated temperatures, as the decrease in the dissolution energy with of low MW polycations on binding to the surface of alginate capsules, which is likely due to the limited perincreases in temperature was likely limited. The wellmaintained rigidity and elastic properties of the reinmeability of high MW materials (3, 20) .
The PEI-reinforced internal structure made gels more forced gels likely contributed to the good resistance to fatigue loading, as discussed with past reports (2,19). hydrophobic, resulting in reductions in the swelling ratio during incubation. In addition, decreases in the pH durTogether, these data indicate that the MW of PEI regulates the stability of homogeneously reinforced gels, iring the incubation likely increased the degree of interaction between these two polymers, due to the increase in respective of differences in the loading conditions. In summary, the results of this study indicate that the the ionization degree of PEI. Gels incubated in NaCl aqueous solutions also underwent de-cross-linking be-MW of reinforcing PEI is an important factor in maintaining the physical properties of alginate gels under tween alginate molecules by an ion-exchange process, indicated by the increase in the swelling ratio of plain both rest and dynamic conditions. The MW of PEI controlled the energy of the polymer chains comprising the alginate gels. Therefore, inclusion of PEI leads to a competition between the increases in the hydrophobicity of gel, and subsequently their resistance to de-cross-linking and opening of the pore structure. An improved underthe gels, and the de-cross-linking during incubation. Increasing the MW of PEI likely enhanced the hydrophostanding of factors regulating the stability of alginate hydrogels will allow one to improve the performance of bicity of the gels, while preventing the de-cross-linking, as illustrated with decreases in the swelling ratio and the these gels when utilized as cell immobilization (1) or drug delivery devices (15). Furthermore, the results of slower loss in the elastic moduli over time. This effect could be attributed to the more limited mobility of high this study also demonstrate variables that allow one to control the degradation behavior of the gels, and thus MW PEI, leading to an increase in the free energy for dissociation between the polymers. Limited dissociation likely will be important when utilizing these materials as cell transplantation vehicles. between alginate and PEI could also retard the dissociation between alginate molecules, likely due to the lim- The effects of dissociation between the polymers on the physical properties of the gels were investigated by REFERENCES characterizing the dependency of pore structure and viscoelastic properties of the gels on temperature. Signifi-
